High concentrations of propionate and its metabolites are found in several diseases that are often associated with the development of cardiac dysfunction, such as obesity, diabetes, propionic acidemia, and methylmalonic acidemia. In the present work, we employed a stable isotope-based metabolic flux approach to understand propionate-mediated perturbation of cardiac energy metabolism. Propionate led to accumulation of propionyl-CoA (increased by~101-fold) and methylmalonyl-CoA (increased by 36-fold). This accumulation caused significant mitochondrial CoA trapping and inhibited fatty acid oxidation. The reduced energy contribution from fatty acid oxidation was associated with increased glucose oxidation. The enhanced anaplerosis of propionate and CoA trapping altered the pool sizes of tricarboxylic acid cycle (TCA) metabolites. In addition to being an anaplerotic substrate, the accumulation of proprionate-derived malate increased the recycling of malate to pyruvate and acetyl-CoA, which can enter the TCA for energy production. Supplementation of 3 mM L-carnitine did not relieve CoA trapping and did not reverse the propionate-mediated fuel switch. This is due to new findings that the heart appears to lack the specific enzyme catalyzing the conversion of short-chain (C 3 and C4) dicarboxylyl-CoAs to dicarboxylylcarnitines. The discovery of this work warrants further investigation on the relevance of dicarboxylylcarnitines, especially C 3 and C4 dicarboxylylcarnitines, in cardiac conditions such as heart failure. cardiac metabolism; dicarboxylylcarnitine; dicarboxylyl-CoA; propionate; stable isotope analysis
INTRODUCTION
Propionate can be derived from several sources, including the diet, metabolism by the gut microbiome, and metabolism of branched-chain amino acids (BCAAs; valine and isoleucine). The concentrations of propionate and its metabolites are relatively low in normal mammals. However, certain diseases, such as diabetes, obesity, propionic acidemia, and methylmalonic acidemia (MA), lead to dramatic increases in circulating propionate concentrations (5, 10, 25) . Propionylcarnitine concentrations are doubled in diabetic individuals (29) . In extreme circumstances, propionate concentrations can increase to 4 -6 mM in blood in patients with propionic acidemia (41, 45) , whereas a normal plasma level of propionate is around 4 M (46). Importantly, most of the above diseases are often accociated with cardiac dysfunction (12, 21, 26, 35) . Whether, and how, increased propionate in circulation directly affects the heart is unknown. Because the ability of the heart to switch rapidly between fuel sources, so-called metabolic flexibility, is critical to maintain normal cardiac function, it is possible that propionate impairs this process. The present work sought to investigate propionate metabolism in heart and its impact on cardiac metabolism in healthy rats.
Our previous work on propionate metabolism in the liver clearly demonstrated the liver CoA trapping induced by the accumulation of propionate metabolites, i.e., propionyl-CoA, methylmalonyl-CoA (MM-CoA), succinyl-CoA, and 3-hydroxylpropionyl-CoA (45) . The short-chain acyl-CoAs are converted to their corresponding counterparts, i.e., acylcarnitines, for the purpose of cellular transportation of the acyl moiety or storage by carnitine acyltransferase. Carnitine acetyltransferase (CrAT) is one of the three main carnitine acyltransferases and catalyzes the interconversion between short-chain acyl-CoAs and acylcarnitines. Given the fact that CrAT is highly abundant in the heart and that CrAT has the highest activity for propionyl-CoA (3, 27, 37, 44) , L-carnitine may correct propionate-mediated CoA trapping. The idea of L-carnitine supplement has been proposed to patients with propionic acidemia (20) . However, the detailed effect and biochemical mechanism are not fully elucidated, particularly in the heart.
Increases in circulating BCAA concentrations have been observed in several cardiac diseases, including heart failure (2, 39, 40, 42) . Recent work has also shown that circulating short-chain dicarboxylylcarnitines have similar associations (8, 16, 38, 40) . Among short-chain dicarboxylylcarnitines, succinylcarnitine and methymalonylcarnitine (MM-carnitine) are counterparts of succinyl-CoA and MM-CoA, respectively. These acyl-CoA species are both derived from propionyl-CoA, a downstream metabolite of BCAA catabolism. However, whether short-chain dicarboxylylcarnitines are associated with increased propionyl-CoA metabolism remains to be investigated.
Using our previously described metabolic flux technique (22) , we sought to elucidate propionate metabolism and its perturbation in the heart further. We investigated 1) the mechanism of perturbation of propionate on cardiac energy metabolism, 2) the effect of L-carnitine on propionate metabolism, and 3) the association of two C 4 dicarboxylylcarnitines (succinylcarnitine and MM-carnitine) with the metabolism of propionate. The main findings of this work are that high propionate switches cardiac fuel metabolism from fatty acid to glucose because of CoA trapping induced by propionate metabolism. Administration of supraphysiological levels of Lcarnitine fails to regenerate free CoA because cardiac tissue lacks a specific enzyme that catalyzes the interconvernsion between short-chain (C 3 and C 4 ) dicarboxylyl-CoA and dicarboxylylcarnitines. The results of this work shed light on the biochemical mechanism of propionate metabolic perturbation in patients with increased propionate and/or its metabolites. Heart perfusions. All animal protocols were approved by the Institutional Animal Care and Use Committee (IACUC) of Duke University. Fed male rats (~220 g, age: 7-8 wk) were anesthetized with 5% isoflurane, and the isolated hearts were perfused in the Langendorff mode at 37°C with nonrecirculating perfusate of KrebsRinger bicarbonate buffer containing (in mM) 119 NaCl, 4.8 KCl, 2.6 CaCl 2, 1.2 KH2PO4, 1.2 MgSO4, 25 NaHCO3, 11 glucose, and 0.05 L-carnitine at a constant flow rate of 12 ml/min (22, 23) . The hearts were allowed to beat spontaneously throughout the perfusion. The hearts were perfused with Krebs-Ringer bicarbonate buffer for 15 min and then switched to perfusate containing the labeled substrates for 25 min. At the end of each perfusion, hearts were freeze-clamped in liquid nitrogen and stored at Ϫ80°C until analysis. The effluent of perfusate sample (~10 ml) was collected during the final minute of perfusion and quickly frozen in liquid nitrogen.
MATERIALS AND METHODS

Materials. 2-Deoxy-D-glucose (2-DG) is from
The perfusions were conducted as the following groups: 1) hearts perfused with 11 mM 40% [ 13 C6]glucose, 0.4 mM [1-13 C]palmitate, 3% BSA (fatty acid free; Fisher Scientific), 100 U/ml insulin, 50 M L-carnitine, and 0.1 mM 2-DG Ϯ (3 mM propionate Ϯ 3 mM Lcarnitine); 2) hearts perfused with 11 mM glucose, 0.4 mM palmitate, 3% BSA, 100 U/ml insulin, 50 M L-carnitine, and 3 mM [ 13 C3]propionate; 3) hearts perfused with 11 mM glucose, 100 U/ml insulin, 50 M L-carnitine, 3% BSA, and 0.2 mM [1-
13 C]octanoate Ϯ 3 mM propionate. Each of these groups contained four or five rats. Group 4 hearts were perfused with 11 mM glucose, 0.4 mM palmitate, 3% BSA, 100 U/ml insulin, 50 M L-[ 2 H3]carnitine for 0, 2, 5, 10, 30, 40, and 60 min, with one rat per time point.
Perfused liver experiments. Liver perfusion experiments were conducted at Case Western Reserve University. All animal protocols were approved by the IACUC of Case Western Reserve University. Male Sprague-Dawley rats were fed with Prolab Isopro RMH 3000 irradiated chow (St. Louis, MO). Livers from overnight-fasted rats (male, 160 -180 g, 6 -7 wk) were perfused for 60 min with recirculating Krebs-Ringer bicarbonate buffer containing 4% dialyzed, fatty acidfree bovine serum albumin and 4 mM glucose. To the basic perfusate we added either nothing (controls) or 5 mM [
13 C3]propionate (n ϭ 5 or 6 in each group).
In vivo experiments. To determine the metabolic source of MMcarnitine in whole-animal experiments (rats,~200 g, n ϭ 3), we performed intraperitoneal injection of 200 mg/kg of [ 13 C3]propionate sodium salts. Blood samples (~200 l) were drawn at 0, 10, 30, and 60 min after the injection of [ 13 C3]propionate. After 60 min, rats were anesthetized with isoflurane, and the liver, kidney, heart, and brain were harvested and quickly freeze-clamped in liquid nitrogen.
LC-MS/MS for acylcarnitine profile. Acylcarnitines in the cardiac tissue were methylated and profiled by the modified liquid chromatography with tandem mass spectrometry (LC-MS/MS) method (30 LC-MS/MS acyl-CoA analysis. Acyl-CoAs were analyzed based on our previously established method (24) . A~150-mg heart tissue sample was spiked with internal standard [ [2,2,3,3,4,4,5,5,5- 2 H9] pentanoyl-CoA (0.2 nmol)] and homogenized in 1.5 ml of extraction buffer (5% acetic acid in MeOH/H 2O 50:50) using a tissuelyser (QIAGEN, Germantown, MD). The supernatant was run on a 1-ml ion exchange cartridge packed with 300 mg of 2-2(pyridyl)ethyl silica gel (Sigma). The cartridge-purified sample was used for all assays by LC-QTRAP 6500 ϩ -MS/MS. The detailed LC-MS/MS method was described in our previous publication (24) .
LC-MS for 2-DG6P assay. 2-DG6P was quantified by LC-QExactive ϩ -MS. The binary pump was used to transport mobile phase (HPLC-MS-grade water) at a flow rate of 0.2 ml/min in isocratic elution mode. The column was a Microsorb-MV C18 column (100 ϫ 4.6 mm, 3 m) with C18 guard column and was kept at 40°C in the oven compartment. The auto sampler was maintained at 5°C, and the injection volume was 1 l. The total running time was 7 min. The parameters for Q-Exactive ϩ -MS equipped with a HESI probe: heat temperature, 425°C; sheath gas, 30, auxiliary gas, 13; sweep gas, 3; spray voltage, 3.5 kV for positive mode; capillary temperature was set at 320°C; and S-lens was 45. A full scan range was set at 60 to 900 (mass-to-charge ratio). The resolution was set at 70,000 (at mass-tocharge ratio 200). The maximum injection time was 200 ms. Automated gain control was targeted at 3 ϫ 10 6 ions. Gas chromatography-mass spectrometry for metabolite analysis. A modified gas chromatography-mass spectrometry (GC-MS) method was used for small polar metabolites assay (28) . A~20-mg powdered tissue sample was spiked with 0.1 nmol M6 valine (M0, M1, . . . , Mn means the isotopologues that contain n heavy atoms in a molecule) as internal standard and homogenized in 400 l methanol for 1 min followed by another 1 min homogenization after adding 400 l H2O and 400 l chloroform. The homogenized sample was centrifuged at 20,000 g for 15 min. The supernatant was dried completely with nitrogen gas and was derivatized with methoxylamine hydrochloride and MTBSTFA ϩ 1% TBDMS for GC-MS analysis.
Western blot analysis of tissue. Approximately 20 mg of powdered frozen cardiac tissue was homogenized in 150 l chilled lysis buffer (cat. no. 9803-S; Cell Signaling Technology, Danvers, MA) using the Qiagen Retsch TissueLyser II system at a rate of 30 shakes/s for 1 min. Samples were centrifuged at 10,000 g for 10 min at 4°C. One hundred microliters of supernatant were collected, and protein concentration was quantified by bicinchoninic acid protein assay (BioRad, Hercules, CA). Protein (50 g) was added to standard Laemmli buffer, and samples were run on a 4%-15% Mini-Protean TGX stain-free gel (Bio-Rad) and then transferred to a PVDF membrane. Protein loading was validated on both the gel and PVDF membrane using the Gel Doc XRϩ system (Bio-Rad). Membranes were blocked in 5% powdered milk in Tris-buffered saline with 0.1% Tween for 1 h. Membranes were then incubated with antibodies for the E1-␣ subunit of pyruvate dehydrogenase (PDH; cat. no. ab-110330; Abcam, Cambridge, MA) and serine-293 phosphorylated PDH (cat. no. AP-1062; Millipore Sigma, Burlington, MA) at 1:1,000 dilution overnight at 4°C. After washing and secondary antibody (cat. no. 926-32213 donkey anti-rabbit IR 800cw; LI-COR, Lincoln, NE) incubation, blots were scanned with the LI-COR Odyssey CLx system (LI-COR) and quantified with Odyssey 3.0 software using direct fluorescence measurement.
Calculations and statistics. Measured mass isotopologues distributions expressed as mol percent were corrected for natural enrichment (9, 43) . Statistical differences were assayed by one-way analysis of variance followed by a Tukey post hoc test using Prism software 5.02 (GraphPad Software) unless it was specified.
RESULTS
Propionate metabolism in heart and its effect on the tricarboxylic acid cycle and related metabolites. The study sought to investigate 1) cardiac metabolism of propionate and its effect on metabolism of other fuels and 2) the efficacy of L-carnitine in relieving the stress of propionate overloading by transferring the propionyl-group from propionyl-CoA to carnitine, thereby permitting mitochondrial efflux. To this end, we performed three groups of heart perfusions: 1) control, 2) 3 mM propionate, and 3) 3 mM propionate ϩ 3 mM L-carnitine. Each group had five repeated heart perfusions.
Like metabolites found in the liver, some propionate-specific metabolites were also identified in the heart. For instance, methylcitrate increased by~100-fold in both propionate-and propionate ϩ L-carnitine-perfused hearts. However, the concentration of methylcitrate was only~3% of citrate (data not shown). 3-hydroxylpropionyl-CoA (0.1 Ϯ 0.03 and 0.08 Ϯ 0.008 nmol/g in hearts perfused with propionate and propionate ϩ L-carnitine, respectively) and 3-hydroxylpropionylcarnitine (0.4 Ϯ 0.05 and 0.7 Ϯ 0.16 nmol/g in hearts perfused with propionate and propionate ϩ L-carnitine, respectively) were also detected in the presence but not absence of propionate.
We then compared the changes of tricarboxylic acid cycle (TCA) and glycolytic intermediates among the three groups (Fig. 1A ). Fumarate and malate were increased by propionate, whereas citrate and 2-ketoglutarate (2-KG) were decreased. Succinate and pyruvate tended to be higher in propionateperfused hearts. Phosphoenolpyruvate (PEP), 3-phosphoglycerate (3-PG), and lactate were not significantly affected by propionate. L-Carnitine did not change the propionate-mediated changes in these metabolites. Closely related to TCA metabolism, amino acids were also profiled (Fig. 1A ). Alanine and glutamate were significantly decreased by propionate or propionate ϩ L-carnitine. In contrast, aspartate was doubled by propionate or propionate ϩ L-carnitine. Propionyl-CoA is reported to form propionylglutamate (6), which could account for the decrease seen in glutamate with propionate infusion. In both propionate-and propionate ϩ L-carnitine-perfused hearts, the relative concentration of propionylglutamate was 10-fold higher than that of acetylglutamate ( ]glucose/[1-13 C]palmitate and pyruvate recycling from malate via malic enzyme (ME). The error bar is the standard deviation of analysis. *P Ͻ 0.05, **P Ͻ 0.01, and ***P Ͻ 0.001. Fig. 1H ). M0, M1, . . . , Mn means the isotopologues that contain n heavy atoms in a molecule. The labeling of glucose-6-phosphate, 3-PG, and PEP, from [ 13 C 6 ]glucose, were similar and were not changed by propionate or propionate ϩ L-carnitine (Fig. 1,  D-F) . However, pyruvate (Fig. 1G ) had notably different labeling patterns compared with its precursors (glucose-6-phosphate, 3-PG, and PEP); there was increased M1 and M2 pyruvate labeling and decreased M3 pyruvate labeling in hearts perfused with propionate or propionate ϩ L-carnitine. This suggests that M3 pyruvate derived from M6 glucose was diluted by pyruvate from other sources, which led to increased M1 and M2 pyruvate. The possible sources of M1 or M2 pyruvate could be from labeled malate or oxaloacetate via malic enzyme (Fig. 1H ) or phosphoenolpyruvate carboxykinase (PEPCK), respectively. However, there was no detectable M1 or M2 PEP suggesting that pyruvate was derived from malate by malic enzyme and not from PEPCK. M3 alanine labeling also trended lower in propionate or propionate ϩ L-carninitine perfused hearts (data not shown), possibly because of lower conversion of pyruvate to alanine, as reflected in a lower total pool size of alanine (Fig. 1A) .
We also confirmed the recycling of malate to pyruvate by perfusing hearts with [ 13 C 3 ]propionate. Our previous liver perfusions with [ 13 C 3 ] propionate showed that there was substantial gluconeogenesis from M3 propionate (45) . The labeling of metabolites from M3 propionate in both the heart and liver is compared in Fig. 2 . The flow of 13 C from [ 13 C 3 ]propionate is outlined in Fig. 2A , which shows the first round of M3 propionate entering the TCA from succinyl-CoA. Interestingly, metabolites downstream of the anaplerotic pathway of propionate (succinate and malate) showed higher labeling in the heart than in the liver (Fig. 2, H and I ). This suggests that the anaplerotic flux (M3 succinyl-CoA/M3 propionyl-CoA ϫ 100%) from propionate is higher in the heart (~57%) than in the liver (~40%). Conversely, the labeling of glycolytic metabolites (pyruvate, lactate, and PEP), alanine, and TCA intermediates from citrate to 2-KG were higher in liver than in heart (Fig. 2, B-G) . In the M3 propionate perfused heart, no labeled PEP was observed (Fig. 2E) . The labeling data of PEP and pyruvate in M3 propionate perfused hearts again confirmed metabolic flux via malic enzyme in the heart without detectable PEPCK activity. Based on the labeling of malate and pyruvate, we estimated the fractional flux from malate to pyruvate to be 21% (the average carbon labeling of ]propionate in the perfused hearts and livers. Rat hearts were perfused with 11 mM glucose, palmitate, 3% BSA, 100 U insulin, 3 mM [
13 C3]propionate, and 50 M L-carnitine (n ϭ 6). Liver perfusion can be referred to our previous report (16) . A: first round of 13 C from [ 13 C3]propionate entering TCA cycle and pyruvate (acetyl-CoA) in the heart. B-I: labeling of isotopologues of pyruvate, lactate, alanine, PEP, citrate, 2-KG, succinate, and malate in both heart and liver perfused with 3 or 5 mM [
13 C3]propionate. The error bar is the standard deviation of analysis. *P Ͻ 0.05, **P Ͻ 0.01, and ***P Ͻ 0.001. 2-KG, 2-ketoglutarate; MM-CoA, methylmalonyl-CoA; PEP, phosphoenolpyruvate; TCA, tricarboxylic acid cycle; M0, M1, . . . , Mn means the isotopologues that contain n heavy atoms in a molecule.
pyruvate/the average carbon labeling of malate ϫ 100%) in the heart. This indicates that propionate is not only an anaplerotic substrate but also a substantial energy substrate when it is in high concentration.
The much lower labeling of lactate ( Fig. 2C ) and alanine ( Fig. 2D) than pyruvate in the M3 propionate-perfused heart suggested that pyruvate derivation from malate mainly occurred in mitochondria. In contrast to the heart, and as expected, liver had similar labeling because there were two metabolic fluxes from TCA intermediates to glycolic metabolites via PEPCK and malic enzyme in the liver for gluconeogenesis (45) .
Propionate switches cardiac fuel preference from fatty acid to glucose. With the labeled isotopes [ 13 C 6 ]glucose (40% of total 11 mM glucose) and 0.4 mM [1-
13 C]palmitate, we estimated the fractional flux of glucose and fatty acid oxidation to acetyl-CoA as shown in Fig. 3A . The oxidation of [1-13 C]palmitate and [ 13 C 6 ]glucose generate M1 and M2 acetylCoA, which reflect the fractional fluxes from the oxidation of fatty acid and glucose, respectively. In the propionate-perfused hearts, the fractional flux from glucose was enhanced bỹ twofold, and the contribution of palmitate to acetyl-CoA was reduced by 50% (Fig. 3B ) compared with control. Adding L-carnitine did not reverse the propionate-mediated changes (Fig. 3B) . The counterpart of acetyl-CoA, acetylcarnitine, showed similar changes (Fig. 3C) .
The stable isotopologues of TCA intermediates showed a similar pattern of decreased palmitate oxidation induced by propionate or propionate ϩ L-carnitine. Isotope enrichment of TCA intermediates is the result of multiple metabolic fluxes, including anaplerotic flux from M3 pyruvate, M1 and M2 acetyl-CoA, and multiple cycles of TCA flux itself (Fig. 3A) . However, M2 is primarily attributed to the contribution of M2 acetyl-CoA from glucose oxidation. Therefore, the significant increase of isotope enrichment of M2 TCA intermediates suggested increased glucose oxidation by propionate (Fig. 3,  D-G) . The propionate-mediated changes of isotope labeling of TCA intermediates were again not significantly affected by the addition of L-carnitine.
We assessed glucose uptake, PDH phosphorylation, and lactate efflux to confirm the propionate-mediated glucose oxidation. We measured an index of glucose uptake by measuring 2-DG6P in hearts perfused with 0.1 mM 2-DG. Propionate or propionate ϩ L-carnitine increased glucose uptake (Fig. 3H) . The enhanced glucose uptake did not result in higher efflux of M3 lactate in the perfusate (Fig. 3I) . The phosphorylation of PDH, as assessed by Western blot, was significantly lower in propionate ϩ L-carnitine-perfused hearts, whereas it trended lower (but was not significant) in propionate-perfused hearts (Fig. 3, J-M) .
To investigate whether the mechanism of propionate-mediated suppression of fatty acid oxidation in the perfused heart is due to inhibition of CPT-1, we perfused hearts with 0.2 mM [1-
13 C]octanoate Ϯ 3 mM propionate, as octanoate does not require transport through the CPT system. The carbon flow of M1 octanoate metabolism to TCA and acetylcarnitine is shown in Fig. 4A . The labeling of M1 acetylcarnitine, which reflects mitochondrial oxidation of M1 octanoate, decreased when propionate was added in the perfusate (Fig. 4B) . Propionatemediated suppression of octanoate oxidation was also supported by the decreased M1 labeling of other metabolites in the TCA (Fig. 4, B-F) . The suppressed octanoate oxidation by propionate demonstrated that propionate-mediated suppression of fatty acid oxidation was not due to the inhibition of CPT system.
Propionate-induced propionyl-CoA and MM-CoA accumulation causes mitochondrial CoA trapping that is not fully relieved by L-carnitine.
Propionic acidemia is characterized by the accumulation of short-chain acyl-CoAs (propionyl-CoA) and a high ratio of acyl-CoA:CoA (34). We profiled the propionate-mediated changes of acyl-CoAs and acylcarnitines (Fig. 5) . Both free CoA and L-carnitine concentrations were decreased in propionate-perfused hearts (Fig. 5A , PA groups vs. control), whereas propionyl-CoA and MM-CoA accumulated (Fig. 5A) . Consistent with the lowered free CoA concentration, there was a significant decrease of most other acylCoAs, such as succinyl-CoA and acetyl-CoA (Fig. 5A) , and other acyl-CoA species (Fig. 5B) . Similarly, decreased tissue L-carnitine was also associated with a decrease of most other acylcarnitines (Fig. 5, A and C) . To test whether CoA trapping could be mitigated in propionate-perfused hearts, we added excess L-carnitine (3 mM) to propionate (PA ϩ Carn). This decreased propionyl-CoA by~50% and increased propionylcarnitine by twofold in the propionate-perfused hearts (Fig.  5A) . However, the L-carnitine supplementation did not alter the MM-CoA concentration and only partially restored free CoA concentration (Fig. 5A) . MM-carnitine remained unchanged across the heart tissues from all three groups (Fig. 5A) . These data strongly suggest that minimal MM-CoA was converted to MM-carnitine in the heart, even in the presence of excess L-carnitine. Interestingly, the propionate-induced suppression of succinyl-CoA was partially restored by adding L-carnitine (Fig. 5A) . However, the fluctuation of succinyl-CoA induced by propionate or L-carnitine did not significantly change succinylcarnitine concentrations (Fig. 5A) . The failure to increase MM-carnitine and succinylcarnitine concentrations in the presence of excess L-carnitine suggests that heart lacks a specific enzyme that can catalyze the conversion between short-chain (C 3 and C 4 ) dicarboxylyl-CoAs and dicarboxylylcarnitines. Similar findings were seen with malonyl-CoA and malonylcarnitine concentrations in the hearts perfused with and without propionate or propionate ϩ L-carnitine (Fig. 5A) .
The low interconversion between short-chain (C 3 and C 4 ) dicarboxylyl-CoAs and their corresponding dicarboxylylcarnitines was also evidenced from tracing studies. Succinyl-CoA (M1, M2, M3, and M4), MM-CoA (M1), and malonyl-CoA (M1 and M2) were substantially labeled from the metabolism of [ 13 C 6 ]glucose and [1-13 C]palmitate (Fig. 6, A-C) . However, the labeling of succinylcarnitine, MM-carnitine, and malonylcarnitine was minor (Fig. 6, D-F) .
To investigate whether small amounts of succinyl-CoA and MM-CoA are converted to succinylcarnitine and MM-carnitine, hearts were perfused with [ 13 C 3 ]propionate to highly enrich the labeling of M3 propionyl-CoA (97%), M3 MM-CoA (93%) and M3 succinyl-CoA (53%) (Fig. 7, A-C) . The labeling of M3 propionylcarnitine, M3 MM-carnitine, and M3 succinylcarnitine were 93.7%, 4.7%, and 0.89%, respectively (Fig.  7, D-F) . The fractional syntheses of MM-carnitine and succinylcarnitine from propionate were 4.8% and 1.7% in the heart, respectively. In the livers perfused with M3 propionate, the enrichments of M3 propionyl-CoA, M3 MM-CoA, and M3 succinyl-CoA were 91%, 93%, and 37%, respectively. Propio-A B C D E F Fig. 4 . Propionate suppressed mitochondrial metabolism of octanoate to TCA. Rat hearts were perfused in Langendorff mode with 11 mM glucose, 0.2 mM [1-13 C]octanoate, 3% BSA, 100 U insulin, and 50 M L-carnitine (M1 OA, n ϭ 4), control ϩ 3 mM propionate (M1 OA ϩ PA, n ϭ 4). A: a scheme of the first round of 13 C from [1-13 C]octanoate to acetyl-CoA and TCA cycle. B-F: the labeling of isotopologues of acetylcarnitine, citrate, 2-KG, succinate, and malate. **P Ͻ 0.01, ***P Ͻ 0.001. 2-KG, 2-ketoglutarate; OAA, oxaloacetate; TCA, tricarboxylic acid cycle; M0, M1, . . . , Mn means the isotopologues that contain n heavy atoms in a molecule. nylcarnitine was highly labeled at M3 (93%) in the liver (Fig.  7D) , which was similar to heart. MM-carnitine and succinylcarnitine in the liver tended to have higher labeling than in heart (Fig. 7, E and F) . The fractional syntheses of MMcarnitine and succinylcarnitine in the liver were 8.9% and 24.5%, respectively. Overall, both tracing studies (labeled glucose/palmitate and propionate) confirmed the low enzyme activity in heart in converting C 3 and C 4 dicarboxylyl-CoAs to dicarboxylylcarnitines.
To investigate whether cardiac MM-carnitine may be derived from other tissues or organs, we performed in vivo experiment using an intraperitoneal injection of 200 mg/kg M3 propionate. Organs were harvested after 1 h, and the labeling of propionylcarnitine, MM-carnitine, and succinylcarnitine was assayed (Fig. 8) . Brain, heart, kidney, and liver showed substantial M3 propionylcarnitine labeling at 1 h (Fig. 8A) . The labeling of M3 propionylcarnitine in heart (~20%) and other organs also suggest that the circulating M3 propionate was not in supraphysiological concentration with the dose of 200 mg/kg intraperitoneal injection. MM-carnitine had minimal labeling in all organs assayed (Fig. 8B) . Succinylcarnitine labeling was predominantly in the liver (Fig. 8C) . These data again suggested that the liver exhibits relatively higher conversion of succinyl-CoA to succinylcarnitine as compared with the heart. We also assayed the total concentrations of carnitine, acetylcarnitine, propionylcarnitine, succinylcarnitine, and MM-carnitine in four organs. Heart tissue had higher concentrations of L-carnitine and acylcarnitines as compared with other tissues, except for propionylcarnitine. Heart tissue possessed the highest levels of succinylcarnitine and MMcarnitine among all organs assayed (Fig. 8, E-H) . The source of cardiac succinylcarnitine and MM-carnitine is not clear since heart does not significantly synthesize short-chain dicarboxylylcarnitines (C 3 and C 4 ) according to this work.
To investigate whether succinylcarnitine, MM-carnitine, and malonylcarnitine are newly synthesized from other unknown metabolic pathways, we perfused hearts with 50 M L-[ 2 H 3 ]carnitine from 0 to 60 min, and then quantified the newly synthesized acylcarnitines by measuring M3 acylcarnitines. M3 acetylcarnitine (C 2 -carnitine), M3 propionylcarnitine (C 3 -carnitine), and M3 butyrylcarnitine (C 4 -carnitine) (Fig. 9) showed similar kinetics as M3 L-carnitine and other acylcarnitines. M3 L-carnitine was somewhat overestimated because of the presence of M3 L-carnitine in perfusate at the time of tissue harvest. However, M3 malonylcarnitine and M3 MM-carnitine showed undetectable label incorporation in the 60-min perfusion period and succinylcarnitine was labeled at a very low level (0.3%) (Fig.  9 ). These data suggest that there was negligible new succinylcarnitine, MM-carnitine, and malonylcarnitine synthesized in the perfused heart from 0 to 60 min. C3]propionate metabolism in various organs by intraperitoneal injection. Rats (n ϭ 3) were given an intraperitoneal bolus injection of [ 13 C3]propionate (200 mg/kg). After one hour, rats were anesthetized using isoflurane and brain, heart, kidney, and liver were isolated and quickly clamped in liquid nitrogen. A-C: labeling of isotopologues of propionylcarnitine, MM-carnitine, and succinylcarnitine in brain, heart, kidney, and liver organs. D-H: are concentrations of L-carnitine, propionylcarnitine, MM-carnitine, succinylcarnitine, and acetylcarnitine in the brain, heart, kidney, and liver organs. The error bar is the standard deviation of analysis. *P Ͻ 0.05, **P Ͻ 0.01, and ***P Ͻ 0.001. MM-, methylmalonyl; M0, M1, . . . , Mn means the isotopologues that contain n heavy atoms in a molecule. 
DISCUSSION
Metabolic flexibility is essential for normal cardiac function. Although fatty acids are the principal fuel for cardiac energy production in normal conditions, the failing heart has reduced ability to utilize fatty acid and therefore relies more on glycolysis and/or ketones (1). As such, the propionate-mediated changes in fuel selection that we describe here may be relevant to cardiac disease development in individuals with increased circulating propionate concentrations. Using our established metabolic flux approach (22) , this study investigated the mechanism of the cardiac fuel switch triggered by propionate. We investigated whether L-carnitine could decrease the metabolic perturbations associated with propionate overload based on the following considerations: 1) propionate causes CoA trapping by the accumulation of propionyl-CoA and MM-CoA, 2) the heart has high CrAT activity and this enzyme has the highest preference for propionyl-CoA, and 3) L-carnitine but not CoA can cross membranes and be up taken by the heart.
In this study, we show that propionate increased glucose uptake and oxidation without changing the efflux of lactate (lactate in effluent perfusate), a marker of glycolysis; propionate also suppressed fatty acid oxidation. The unchanged glycolysis could be because of: 1) the low acetyl-CoA in the propionate-perfused heart drives more pyruvate to enter the mitochondria for complete oxidation and 2) the increased aspartate derived from propionate promotes the malate shuttle and drives a redox shift to NAD ϩ leading to a decrease in lactate production.
The upregulated glucose oxidation is due to several factors. Suppression of fatty acid oxidation may lead to increased glucose oxidation through the glucose-fatty acid cycle (Randle cycle). Alternatively, the propionate-mediated increase of pyruvate recycling may increase PDH activity and thus increase glucose oxidation (11) . The decreased acetyl-CoA/CoA ratio is also a contributor to enhance glucose oxidation.
Hypotheses to explain how propionate suppresses fatty acid oxidation include: 1) MM-CoA, which has a similar structure to malonyl-CoA, inhibits CPT-1 (33) and could competitively bind CPT-1; 2) excess propionyl-CoA leads to carnitine trapping through the increased formation of propionyl-carnitine (7, 32) ; and 3) excess propionyl-CoA leads to CoA trapping (18) .
The inhibition of the CPT-1 by MM-CoA is unlikely based on our results. Moreover, the increased MM-CoA we observed is derived from propionyl-CoA metabolism, which occurs in mitochondria (47) . Thus, the mitochondrial MM-CoA is unlikely to have access to CPT-1, which is located at the outer membrane of mitochondria. It is possible that methylcitrate could be transported out of the mitochondria and form cytosolic MM-CoA. However, we found that the methylcitrate concentration is only~3% of the citrate concentration. Therefore, such trace amounts of cytosolic MM-CoA, which is a weak inhibitor of CPT-1, are unlikely to significantly inhibit CPT-1 and thus fatty acid oxidation (17, 31) . Further evidences that the suppression of palmitate oxidation by propionate is not predominantly related to CPT are the observations that in all three perfusion groups (control, PA, and PA ϩ Carn), levels of malonyl-CoA, which potently inhibits CPT-1, remained unchanged ( Fig. 5A ) and that oxidation of octanoate, which does not rely on the CPT system for transport into the mitochondria, was also significantly inhibited by propionate.
L-Carnitine is required to transport long-chain acyl-CoA species into the mitochondrial matrix for complete beta oxidation. CrAT has the highest affinity for propionyl-CoA among all other acyl-CoAs. Therefore, the accumulation of propionylCoA could deplete L-carnitine and potentially suppress mitochondrial oxidation of long-chain fatty acid. Indeed, we found that L-carnitine was decreased in the heart by propionate. Additionally, most other acylcarnitine species were decreased (Fig. 5, A and C) , suggesting a depletion of L-carnitine. However, 3 mM L-carnitine failed to restore the propionate-suppressed palmitate oxidation as evidenced by the M1 labeling of acetyl-CoA, acetylcarnitine and other TCA intermediates in the M1 palmitate perfusions. The effect of L-carnitine extends beyond it role in transporting fatty acid into mitochondria for beta oxidation. L-Carnitine can also modulate CoA binding to PDH, which in turn regulates enzyme activity by promoting degaradtion of PDK4, a kinase that inhibits the PDH complex (36) . This may partially explain why glucose oxidation remained increased in the 3 mM propionate ϩ 3 mM L-carnitine perfused hearts (Fig. 3, 
B-H and J-M).
Mitochondrial CoA trapping is likely the key factor that mediates propionate-induced suppression of fatty acid oxidation. Our previous work showed that the activation of acetate to acetyl-CoA occurs only in the mitochondria (22) . Propionate is similar to acetate and is activated to propionyl-CoA and is further metabolized to MM-CoA in cardiac mitochondria. The accumulation of both propionyl-CoA and MM-CoA depletes mitochondrial CoA. Additionally, propionate perfusion decreased most acyl-CoA species (Fig. 5, A and B) except malonyl-CoA (Fig. 5A) . The lack of effect on malonyl-CoA concentrations is likely due to the fact that the majority of malonyl-CoA is located in the cytosol. The uneven changes of TCA metabolites in the propionate-perfused hearts indicate the low CoA concentration also lowered the concentration of acetyl-CoA and further decreased citric acid and 2-KG. As we have previously seen (33), the low acetyl-CoA and enhanced anaplerotic flux from propionate led to accumulation of metabolites in the TCA from succinate to oxaloacetate.
The minimal recovery of CoA concentrations by L-carnitine is likely due to our novel finding that the accumulated MMCoA from propionate was minimally converted to MM-carnitine in the heart. The low activity of the conversion between dicarboxylyl-CoAs (C 3 and C 4 ) and dicarboxylylcarnitines (C 3 and C 4 ) in the heart is supported by the following: 1) malonylcarnitine, succinylcarnitine, and MM-carnitine concentrations were not affected by either propionate or propionate ϩ L-carnitine perfusion; 2) in contrast to other acyl-CoA concentrations, the accumulation of MM-CoA in the propionate perfusions was not reduced by adding L-carnitine. Similar to MM-CoA, succinyl-CoA was not decreased by adding Lcarnitine. In fact, L-carnitine increased succinyl-CoA by partially alleveviating the mitochondrial CoA trapping caused by propionate; 3) although malonyl-CoA and succinyl-CoA were significantly labeled by [ 13 C 6 ]glucose and [1-13 C]palmitate, malonylcarnitine and succinylcarnitine were not, suggesting that de novo synthesis of these carnitine species was not occurring during the perfusions; 4) very little MM-carnitine or succinylcarnitine were labeled from 3 mM [ 13 C 3 ] propionate, which led to 93% M3 MM-CoA and 53% M3 succinyl-CoA in the perfused heart; 5) very little new C 3 and C 4 dicarboxylylcarnitines were synthesized in the hearts perfused with M3 carnitine from 0 to 60 min, whereas there was appreciable labeling of other M3 acylcarnitines; 6) our in vivo experiment showed that very little labeled MM-carnitine or succinylcarnitine were found in the heart when rats were injected with 200 mg/kg M3 propionate. All of these data strongly suggest that the heart has minimal enzyme activity to convert dicarboxylylCoAs (C 3 and C 4 ) to dicarboxylylcarnitines (C 3 and C 4 ). By comparison, liver had slightly higher activity in converting dicarboxylyl-CoAs (C 3 and C 4 ) and dicarboxylylcarnitines (C 3 and C 4 ), particularly succinyl-CoA to succinylcarnitine. Because the heart has much higher CrAT activity than liver, the relatively high conversion of C 4 dicarboxylylcarnitines in liver is likely related to the non-CrAT carnitine acyltransferase, which is not specific to short-chain dicarboxylyl-CoAs or short-chain dicarboxylylcarnitines.
Similar situation of short-chain acyl-CoA species failing to convert to their cognate acylcarnitine species has been previously observed. Janos et al. (19) in 2014 perfused hearts with [1, 2, 3, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C 4 ]palmitate. Although M2 malonyl-CoA was labeled at 19.9%, no malonylcarnitine labeling was observed. We had similar findings in hearts perfused with 13 C-labeled substrates (glucose, palmitate, octanoate, or propionate), no malonylcarnitine was observed although malonyl-CoA was labeled. The explanation given by Janos et al. (19) was that the synthesized malonyl-CoA was located in cytosol, where it therefore had no access to CrAT or other unknown carnitine dicarboxylic acyltransferase that are located in mitochondria. This explanation would be correct if malonyl-CoA were exclusively located in cytosol. However, malonyl-CoA is found in mitochondria where it plays essential physiological roles (4) . Furthermore, we showed that the low conversion between dicarboxylyl-CoA and dicarboxylylcarnitine Fig. 10 . Scheme of propionate-mediated perturbations in cardiac and hepatic metabolism. Cardiac and hepatic metabolic changes are summarized left and right, respectively. Propionate metabolism (red arrow) resulted in CoA trapping, which decreases fatty acid oxidation flux (blue arrow) and stimulates glucose metabolism and recycling flux from malate to pyruvate (red arrow). The interconversion between C3 and C4 dicarboxylyl-CoAs and their dicarboxylylcarnitines is negligible in heart and low in liver. The metablic results in liver (right panel) were from this work and previous publication (45) . 2-KG, 2-ketoglutarate; Act-CoA, acetyl-CoA; Act-Carn, acetylcarnitine; Cit, citrate; CPT, carnitine palmitoyltransferase; Fum, fumarate; Glu, glutamate; Mal, malate; ME, malic enzyme; R-MM-CoA, (R)-methylmalonyl-CoA; S-MM-CoA: (S)-methylmalonyl-CoA; methylmalonyl-CoA; OAA, oxaloacetate; Palm-Carn, Palmitoylcarnitine; Palm-CoA, palmitoyl-CoA; PEP, phosphoenolpyruvate; PEPCK-C, cytosolic phosphoenolpyruvate carboxykinase; PEPCK-M, mitochondrial phosphoenolpyruvate carboxykinase; PDH, pyruvate dehydrogenase; Prop-Carn, propionylcarnitine; Prop-CoA, propionyl-CoA; Prop-Glu, propionylglutamate; Prop, propionate; Suc, succinate; Suc-CoA, succinyl-CoA; OMM, outer mitochondrial membrane; IMM, inner mitochondrial membrane.
was not only for C 3 (malonyl-CoA) but also for C 4 (succinyl-CoA and MM-CoA). Both succinyl-CoA and MM-CoA, derived from propionate metabolism, are located in mitochondria. Therefore, the lack of enzyme converting short-chain (C 3 and C 4 ) dicarboxylyl-CoAs to dicarboxylylcarnitines is likely the reason why we did not detect the interconversion. This agrees with previous finding that CrAT has very low activity in converting short-chain dicarboxylyl-acyl-CoA to their acylcarnitines (44) . Therefore, as we observed, L-carnitine would not be effective to relieve the MMCoA accumulation. In light of these findings, L-carnitine supplementation is unlikely to be helpful in methylmalonic acidemia patients. However, L-carnitine could be helpful for patients with propionic acidemia as suggested by Hoppel et al. (34) , given the improvement in propionyl-CoA to propionylcarnitine conversion that we observed with L-carnitine supplementation.
Although we saw very little conversion of short-chain dicarboxylyl-CoA (C 3 and C 4 ) to their cognate acylcarnitine species, the heart has the highest concentrations of succinylcarnitine and MM-carnitine compared with other organs like brain, liver, and kidney (Fig. 8, F and G) . The high concentration of cardiac succinylcarnitine and MM-carnitine could be due to their low metabolic activity in heart. The physiological and pathological roles of these 3 dicarboxylylcarnitines (C 3 and C 4 ) and their main source remain to be explored. Given recent reports that associate circulating dicarboxylylcarnitines with heart diseases (8, 16, 38) , a better understanding of the underlying biology regulating these metabolites is needed. Our work indicates that the production of C 3 and C 4 dicarboxylylcarnitines in the heart is very subtle and that C 3 and C 4 dicarboxylylcarnitines are not direct metabolites from fatty acid oxidation. It is possible that omega oxidation of long-chain fatty acids in peroxisome or microsome could lead to C n (n Ͼ 5) dicarboxylyl-CoAs and dicarboxylylcarnitines in the setting of mitochondrial dysfunction or when mitochondria are overloaded with fatty acid (13, 14) . Moreover, the identities of dicarboxylylcarnitines in the previous reports need to be further confirmed (38) , such as with high resolution mass spectrometry employed in this study or with a better liquid chromatography separation method, because dicarboxylylcarnitines and hydroxyl acylcarnitines with one or more carbons are isobaric compounds and are usually not differentiated by routine methods.
In summary, this study demonstrated that the heart lacks the specific enzymes that can catalyze the interconversion between short-chain (C 3 and C 4 ) dicarboxylyl-CoAs and their corresponding acylcarnitines. Propionate-mediated accumulation of propionyl-CoA and MM-CoA causes mitochondrial CoA trapping and alters cardiac fuel metabolism (summarized in Fig. 10 ), which cannot be completely alleviated by excess L-carnitine because of minimal activity of carnitine acyltransferase to MM-CoA in the heart. The corresponding metabolic changes induced by propionate in liver was also summarized in Fig. 10 based on data from this work and our previous publication (45) .
